Like most animals, the survival of fish depends crucially on navigation in space.
Navigation is a fundamental behavioral capacity facilitating survival in many animal species (4) (5) (6) (7) . It involves the continuous estimation and representation of the agent's position and direction in the environment which are implemented in the planning and execution of movements and trajectories towards target locations (8, 9) . Navigation has been investigated extensively on numerous taxa across the animal kingdom but attempts to probe its neural substrate have mainly been focused on mammals (10) and insects (11) . In mammals, neurons in the hippocampal formation encode information about the position and orientation of the animal in space (8-10, 12, 13) . These cells include place cells (14) , grid cells (15) , head-direction cells (16, 17) and other cell types (18, 19) . In insects, a ring-shaped neural network in the central complex of fruit fly was shown to represent its heading direction (11) .
To better understand space representation in other taxa, we explored the neural substrate of navigation in the goldfish (Carassius auratus). These fish are known to be able to navigate either by exploiting an allocentric or an egocentric frame of reference.
This may imply that the goldfish has the ability to build an internal representation of space in the form of a cognitive map (3) . This would include cognitive map-like navigation strategies to find a goal when starting from an unfamiliar initial position, or taking shorter alternative routes (shortcuts) when possible (2, 3, 20, 21) . Furthermore, goldfish use many environmental cues, such that any single cue would not be crucial in itself to navigating in the environment (21) .
In addition to these behavioral studies, lesion studies on goldfish have shown that the telencephalon is crucial for spatial navigation. Damage to the lateral pallium in the telencephalon leads to dramatic impairment in allocentric spatial memory and learning, but not when the lesion affects other parts of the telencephalon (21) . These finding are similar to results from lesions studies of the hippocampus in mammals and further confirm that the lateral pallium in goldfish is a possible homologue of the mammalian hippocampus (3, 22) (but see also (23) ). While these works have contributed to suggesting where the possible navigation mechanism is located in the brain, they have not addressed the nature of the representation of this information, the goal of this study.
To better understand how facets of space and locomotion are represented in the teleost brain, we measured single cell activity in the lateral pallium of freely behaving goldfish while they explored a water tank. We first trained the fish (13-15 cm body length) to swim back and forth in a linear tank measuring 1.4 m X 0.2 m X 0.2 m. This quasi 1D geometry was used to allow efficient data collection similar to procedures employed in rodents (24) . After the fish became familiar with the water tank and learned to explore its entire length naturally, we installed a recording system on their head (1). We then let the goldfish swim freely while a camera positioned over the entire tank recorded the locations of the fish and a data logger recorded the activity of single cells using tetrodes ( Figure 1A , see Methods).
Using this methodology, we identified three types of cells that may constitute the primitives of the goldfish navigation system, which we term border cells, velocity cells, and speed cells. Border cells are active when the fish is in close proximity to the borders of its environment (i.e., in our case near the walls of the water tank). Velocity Figure 1B ) is presented together with the location of the fish when each spike of a single cell occurred (red dots). The emerging pattern shows that this neuron was mainly active when the fish was near the boundaries of the tank. This was also documented by the color-coded heat map of the firing pattern of the neuron ( Figure 1C ; the recording location in the brain is presented in Figure 1D and the spike shapes are presented in Figure 1E ). To test whether a neuron was a border cell we first defined the width of the border activity layer as the distance from the walls in which 75% of the spikes occurred. Then, we employed a standard shuffling procedure where we obtained shuffled spike trains and measured the border activity layer of each of the shuffled trains. Then by comparing the border activity layer of the cell to the shuffled data we obtained the confidence interval of the result (p<0.005, Figure 1F The total number of different functional cell types recorded in the goldfish is presented in Figure 5A . This includes border, velocity, speed and conjunction border-velocity and border-speed classes.
In addition, for five of the fish we located the recording location using standard postrecording anatomical procedures (see Methods). Border cells were found only below the Dlv/Dp boundary ( Figure 5B ), which is consistent with neuroanatomy ( [25] [26] [27] ) that distinguishes these regions from the regions above them (Dld and Dd). Note that the division between the Dlv and Dp is a topic of ongoing debate (25) (26) (27) and previous conclusions regarding the anatomical localization of cell types can also be influenced by lesion resolution.
In summary, we found border, velocity and speed cells that represent different components of position and locomotion in the goldfish brain. These neurons were found in the Dlv/Dp and Dd, indicating that these regions contain a variety of neurons that represent features of space, direction and speed. These cell types may be the The small number of past attempts in this direction are inconclusive. In particular, technical problems have impeded studies on space representation in the pigeon brain (34) and in fish (35, 36) . Works investigating space representation the fruit fly suggest it can represent orientation with respect to a salient landmark in the environment (11, 37) .
To conclude, our study is the first step toward understanding the navigation system in non-mammalian vertebrates. This could lead to a better understanding of the basic building block of this system across all vertebrates. Training. Prior to surgery, the fish were trained to explore the tank back and forth.
Training was obtained in some cases by allowing the fish to swim freely in the tank for one hour a day for several days, and in other cases by using automatic feeders positioned at both ends of the task that fed the fish as soon as it approached the corresponding end. In both cases the goldfish usually learned to swim back and forth after about a week of training. After training, the fish underwent the surgery to implant the tetrodes and the logger case.
Recording sessions. Each recording session included synchronized recording from the Neurolog-16 and the camera system while the fish navigated freely in the water tank. Recording sessions lasted 30 min to 2 hours.
Analysis.
After the experiment, the data from the cameras and the Neurolog-16 were analyzed. This was done by detecting the action potential timing using a standard spike-sorting algorithm (38, 39) . Then the correlation coefficients between the fish's behavior, location and orientation, and the neural activity were calculated to determine how space was represented during the task. Subsequently, the brain of five of the fish were fixed and sliced to reveal the electrode position in the brain (i.e. the lateral pallium or any other brain area targeted for recording).
Data analysis: Fish trajectory and firing rate map. The fish's location in each video frame was detected using the colored styrofoam marker that was attached to the case containing the logger. The water tank was tessellated to 1 cm 2 bins and smoothed using a 2-dimensional Gaussian (σ = 5 cm). This yielded two auxiliary maps, which indicated how many spikes occurred in each bin and how much time the fish spent in each bin. The firing rate map for each neuron was obtained by dividing the two maps bin by bin. Bins that were not visited at all by the fish were discarded from the analysis and appear on the map as white bins.
Data analysis of border cells:
To determine which cells could be classified as border cells, we measured the width of the border activity layer near the walls of the water tank which contained 75% of the spikes. We compared this to 5000 shuffled spike trains. Each shuffled spike train was obtained by first calculating the inter-spike intervals, shuffling the inter-spike intervals by random permutation and using the cumulative sum to obtain the shuffled spike train. Then we calculated the probability of observing a width of border activity layer by comparing the value obtained for the recorded cell to the values calculated for the shuffled spike trains. Cells with a p value below 0.005 and an activity layer less than 5 cm were considered to be border cells.
Sensitivity analysis on the fraction of spikes the activity layer should contain was done by calculating the activity layer, which contained 0-100% of the spikes (Supplementary Figure 1) . We also compared the border measure to ones used by in other studies (18) (Supplementary Figure 5) , and found that our measure was more sensitive for cells with low firing rates such as the ones in the goldfish pallium.
Data analysis of velocity cells.
To classify velocity cells, we measured the correlation coefficient between the cellular firing rate and the velocity of the fish. Then 5000 shuffled spike trains were obtained by first calculating the inter-spike intervals, shuffling the inter-spike intervals by random permutation and using the cumulative sum to obtain a shuffled spike train. For each shuffled spike train, the correlation coefficient between the firing rate and fish velocity was calculated. By comparing the result of the shuffled spike trains to the cellular result, we obtained an estimate of the p-value of each cell.
By definition, velocity cells could meet the statistical criterion for speed cells. Therefore, cells that met the velocity criterion were removed from the speed cell group.
Data analysis of speed cells.
To classify speed cells, we measured the correlation coefficient between the cellular firing rate and the speed of the fish. Then 5000 shuffled spike trains were obtained by first calculating the inter-spike intervals, shuffling the inter-spike intervals by random permutation and using the cumulative sum to obtain the shuffled spike train. For each shuffled spike train the correlation coefficient between the firing rate and fish speed was calculated. Comparing the result of the shuffled spike trains to the cellular result yielded an estimate of the p-value of each cell.
Testing for information encoded in neural activity. To test for the spatial encoding properties of cells we calculated the information per spike (measured in bits per spike) for all cells (15, 40) . This was done by calculating the mutual information between fish position and the neural activity, as follows:
where
is the entropy of any random variable X. The space was divided into bins and only bins where the fish spent at least 1 second during the experiment were taken into account. All cells with information ≥0.5 bits/spike were used for further analysis where we tested for border encoding properties. We did not found cells that crossed the information criterion that were not classified as border cells.
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